The aim of this research was to investigate the effectiveness of a novel audiovisual biofeedback respiratory training tool to reduce respiratory irregularity. The audiovisual biofeedback system acquires sample respiratory waveforms of a particular patient and computes a patient-specific waveform to guide the patient's subsequent breathing. Two visual feedback models with different displays and cognitive loads were investigated: a bar model and a wave model. The audio instructions were ascending/descending musical tones played at inhale and exhale respectively to assist in maintaining the breathing period. Free-breathing, bar model and wave model training was performed on ten volunteers for 5 min for three repeat sessions. A total of 90 respiratory waveforms were acquired. It was found that the bar model was superior to free breathing with overall rms displacement variations of 0.10 and 0.16 cm, respectively, and rms period variations of 0.77 and 0.33 s, respectively. The wave model was superior to the bar model and free breathing for all volunteers, with an overall rms displacement of 0.08 cm and rms periods of 0.2 s. The reduction in the displacement and period variations for the bar model compared with free breathing was statistically significant (p = 0.005 and 0.002, respectively); the wave model was significantly better than the bar model (p = 0.006 and 0.005, respectively). Audiovisual biofeedback with a patientspecific guiding waveform significantly reduces variations in breathing. The wave model approach reduces cycle-to-cycle variations in displacement by greater than 50% and variations in period by over 70% compared with free breathing. The planned application of this device is anatomic and functional imaging procedures and radiation therapy delivery. M This article features online multimedia enhancements (Some figures in this article are in colour only in the electronic version)
Introduction
Several recent publications demonstrate a clear link between respiratory irregularity and artifacts on a 4D CT scan (Pan 2005 , Lu et al 2006 , Rietzel and Chen 2006 , Abdelnour et al 2007 , Mutaf et al 2007 . These artifacts appear in CT images as undefined or irregular boundaries in the anatomy of the patient and can result in erroneous target and normal tissue segmentation as well as the over-and underestimation of organ motion for treatment planning. Lu et al (2006) and Abdelnour et al (2007) showed that by using different sorting methods, i.e. by essentially minimizing phase or displacement mismatches of the respiratory signal, respectively, artifacts can be reduced but not eliminated.
Audiovisual biofeedback has been demonstrated to reduce respiratory variations. The most comprehensive study to date occurred at Virginia Commonwealth University (VCU). In this study, an audio-visual biofeedback breathing training protocol was conducted in which 331 four-minute respiratory signals were acquired from 24 lung cancer patients, over five sessions, with each session containing free-breathing, audio training and audiovisual training (George et al 2005 (George et al , 2006a (George et al , 2006b . Audiovisual biofeedback reduces variation in the mean cycle-to-cycle position, motion amplitude and breathing period.
Other groups, in smaller studies, have also concluded that visual and/or audio-visual biofeedback is an important tool to improving respiratory and anatomic reproducibility during radiotherapy imaging and treatment (Kini et al 2003 , Neicu et al 2006 , Stock et al 2006 .
Though the results of the VCU study are positive, it is clear that there is substantial room for improvement and further reduction in respiratory variability. The visual biofeedback tools used in this, and other studies, did not have a representative waveform to guide the inhale-exhale-inhale transition, only the extrema values were displayed. An exception is the study published by Lim et al (2007) in which a thermocouple-based system with a guiding curve was developed and applied in a volunteer study. In previous studies audio prompts were given, e.g. 'breathe in' 'breathe out', rather than more intuitive musical tones potentially requiring a lower cognitive load to process. Despite the improvement in respiratory regularity with coaching, residual cycle-to-cycle variations remain, and hence the need for improved audiovisual biofeedback.
The aim of this research was to investigate the effectiveness of a novel audio-visual biofeedback respiratory training tool incorporating a patient specific guiding waveform to improve respiratory irregularity.
Method and materials
The real-time respiratory signal was obtained using the real-time position management (RPM) system version 1.7 (Varian, Palo Alto, CA) by tracking the motion of an infrared (IR) marker block placed on the abdomen (typically midway between the umbilicus and xyphoid). The marker position is recorded at 30 Hz. The signal was output through a serial port to in-house developed audiovisual biofeedback software. Figure 1 shows a volunteer in the setup used for the measurements, similar to that described by George et al at VCU (George et al 2005 (George et al , 2006a (George et al , 2006b .
Ten volunteers were included in this study, six males and four females. The group included a radiation oncologist, two physics faculty, four post-doctoral fellows and three graduate students. The experimental training session began with the collection of a guiding waveform, and was utilized for the remainder of training sessions. After the guiding waveform was estimated, data from three sessions on three different days for each volunteer were collected. Each session included 5 min of free breathing followed by 5 min of bar model and wave model. Figure 1 . A volunteer undergoing breathing training representing the data acquisition in this study. The volunteers were supine on a couch with their arms behind their head. A marker block used for the respiratory signal measurement was placed on their abdomen and a monitor in displaying the visual biofeedback could be seen. Speakers in the room provided the musical audio cues.
Marker block Visual display
The order of the bar model and wave model was alternated between volunteers and between sessions to reduce the introduction of temporal bias. A total of 90 five-minute respiratory traces were collected. No special breathing instructions were given to the volunteers.
Guiding waveform
Ten individual breathing cycles were collected from which the guiding waveform was determined. Cycles were determined based on the real-time phase estimation from the RPM system. The guiding breathing cycle is the average of coefficients of a finite Fourier series expansion to each of the individual breathing cycles. During this step it is possible to eliminate the free breathing cycles that are deemed to be inappropriate (i.e. outliers). The removal of outliers is based on visual inspection of the traces and could, in principle, be automated. Outlier removal was performed in this study for 2/10 subjects. The guiding waveform thus obtained is stored so that it can be used in future training sessions for a particular patient. The following equation shows how to obtain the coefficients of the waveform for each of the individual breathing cycles (0 -2π ),
where f (t) is the guiding waveform, a i , b i the Fourier series coefficients, ω the angular frequency (2π/T ), t the discretized samples (sample frequency 30 Hz) and T the time-period of the breathing cycle. Only the first five most significant coefficients (N = 5) were utilized in the construction of the guiding waveform. The reason for not including higher order Fourier series coefficients is to keep the guiding waveform smooth. If the collected guiding waveform is uncomfortable for a patient, then it can be modified in displacement and/or period (which occurred for 4/10 subjects in this study) or alternatively can be recomputed. For this study the guiding waveform, once deemed comfortable for each volunteer, was kept the same for both training types and all three sessions. The audio guides were smoothly increasing and decreasing tones from exhale to inhale and inhale to exhale, respectively, to prompt the patient to breathe in and out at the appropriate time, similar to that used for a hypertension-reducing product, Respirate (Intercure, NY). In addition to free breathing, two different visual interfaces were investigated, a bar model and a wave model. The advantages and disadvantages of the two systems under investigation are shown in table 1. A design expert commented that as the visual and audio inputs are processed as different channels in the brain, simultaneous audio and visual training does not increase the overall cognitive load compared with visual or audio training alone 3 .
Free breathing
In this part, the volunteer was allowed to breathe freely. The software passively collects the respiratory signal and audio-visual feedback was not provided to the patient. The free breathing data were collected for 5 min.
Bar model
In this phase, the monitor in front of the patient is turned on to display the bar model visual interface. The bar model displays two bars as shown in figure 2(a). The right bar is the current breathing pattern and the left bar is the guiding waveform. The volunteer's task is to follow the bar to the left, which corresponds to his or her guiding breathing pattern. For the purpose of this study, we collected the samples for up to 5 min, chosen to be of similar duration as a 4D CT study or conventional radiotherapy fraction. Prediction to account for the system latency was not included in the current design though is planned for inclusion in future software upgrades.
Wave model
In this phase, the panel in front of the patient is switched on to display the wave model visual interface. The wave model interface displays a guiding waveform in the screen with a ball moving vertically in the middle showing the current position of patient's breathing, as shown in figure 2(b). The task of the patient is to maintain the ball as closely as possible over the wave.
Error metrics
In order to estimate the variations in the breathing pattern, we computed the root mean squared error (rmse) in displacement and period of breathing cycles. After collecting the breathing pattern from free breathing, wave model and bar model, we calculate the post priori average waveform from the breathing cycles using a similar Fourier series fit as shown for the guiding waveform in equation (1). The post priori guiding waveform is constructed based on the breathing traces collected during training. The rms variation in period was computed from the periods of each of the individual breathing cycles. The rms variation in displacement was calculated based on the variation in displacement of each sample (in a breathing cycle) with respect to sample from the post priori guiding waveform. This calculation was performed in the phase domain rather than the time domain as variations in period make it difficult to compare cycles in the time domain, e.g., if the actual cycle is 1 s longer than the guiding waveform there is missing data and a difference cannot be computed. Given that the training reduced variations in period, analysis in the phase domain reduces variations in free breathing compared with calculations performed in the time domain. Let each cycle of breathing pattern in phase domain be identified by X = {x 1 , x 2 . . . .} and post priori average waveform by Y = {y 1 , y 2 . . .}, then
Total Cycles (2) where x i are the samples from the patients waveform, y i are the samples from the post priori calculated average waveform at phase i and the analysis is performed for every degree of phase (hence 360). Note that the post priori average waveform rather than the guiding waveform was used for the data evaluation for two reasons.
(1) The guiding waveform was not used for free breathing and thus comparisons are meaningless. (2) Due to system latencies there was a lag between the guiding waveform and the post priori average waveform. Upon the completion of the sessions, the volunteers were asked whether they preferred the bar model or the wave model.
Results
With each of the ten volunteers participating in three sessions and each session consisting of free breathing, bar model and wave model interfaces, there were 90 five-minute breathing samples to analyze. Example datasets for free breathing bar model and wave model are shown in figure 3 . The plots visually show that training significantly improved the consistency in breathing, with the variations in both displacement and period reduced for the trained breathing.
To put the results of the training in context, the average peak-to-trough displacement and mean period are displayed in figure 4, characterized by breathing type. Figure 4(a) shows the average peak-to-trough displacement for all volunteers in each type of training sessions (free, bar model and wave model). Figure 4(b) shows the mean period for each volunteer. The use of audiovisual training does not markedly increase or decrease the peak-trough amplitude or period, on average. Figure 5 presents the rms variations in displacement and period for all volunteers in free breathing, bar model and wave model interfaces respectively over all three sessions. Time trends in the reduction in rms displacement and period are not evident for free breathing or the wave model. Figure 6 shows the average (over all sessions) rms variations in displacement and period for all volunteers. The average of the data presented in figure 6 is shown in table 2. From the results, it is apparent that the wave model performs better than the bar model. In the case of rms errors in period, there is 50% reduction in the case of the bar model and approximately 75% reduction in the case of wave model compared to free breathing. Similarly, the reduction of rms error in displacement is approximately 40% in the case of the bar model and 55% in that of the wave model over free breathing. All of these values are highly statistically significant (table 3) . Figure 6 displays several less-than-average performances from various volunteers and these variations can be attributed to several reasons. Volunteer 4 had some difficulty in following bar model sessions. Therefore, the resulting rmse in displacement for the bar model sessions is little higher than free breathing. However, volunteer 4 performed well in the wave model sessions. An unanticipated result was the soporific effect of the study. Five of the ten volunteers fell asleep at some time during the study. The periods of sleep ranged from 3 to 20 s. Nine of the ten volunteers preferred the wave model over the bar model. Overall the wave model improved both displacement and period variations in all of the volunteers compared with the bar model and free breathing.
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Discussion
This study confirms the result of previous studies (Kini et al 2003 , George et al 2005 , 2006a , 2006b , Neicu et al 2006 , Stock et al 2006 , Lim et al 2007 that breathing training reduces respiratory variations. These variations have been demonstrated to cause artifacts during 4D CT scans (Lu et al 2006 , Abdelnour et al 2007 , Mutaf et al 2007 . It therefore follows that the use of audiovisual biofeedback during 4D CT scans will reduce artifacts. The increase in breathing reproducibility may also facilitate improved radiotherapy delivery using motion inclusive, respiratory gated or target tracking methods. The largest study to date on audiovisual biofeedback was performed at VCU on 24 lung cancer patients (George et al 2005 (George et al , 2006a (George et al , 2006b ). There are two major improvements in the audiovisual biofeedback method from that used in the VCU study.
(1) Visual. The VCU study had guides for end exhale and end inhale, but no guide for the transition between these states. In the current study a guiding waveform based on fitting a second-order Fourier series to samples of the subject's free breathing was used. The use of the guiding waveform allows the patient to see where their respiratory state is-and where they should be-throughout the session. (2) Audio. The VCU study used visual instructions to 'breathe in' and 'breathe out'. In this study, the audio component used relaxing tones based on the approach taken by the Resperate product (Intercure, NY) in which soothing tones are used to slow breathing to reduce hypertension.
In this study, the introduction of a guiding waveform and audio tones in the audiovisual biofeedback system were investigated, along with two visual displays of different cognitive load. The 'wave' model was found to be clearly superior, with reductions in rms displacement variations from 0.16 to 0.08 cm and reductions in rms period variations from 0.77 to 0.20 s compared with free breathing. The displacement reduction compares with the 50% reduction in amplitude variation from Lim et al (2007) , with a similar period variation of 0.2 s, though in the current study the free breathing period variations were over double that of Lim et al (0.77 versus 0.36 s) . The wave model was also the lowest cognitive load, with a more complex screen display but less processing required to estimate the magnitude and direction of the evolving guiding waveform. No obvious time trends were observed for the repeat sessions, confirming the observations of George et al (2006b) , indicating that little pre-training or instructions are needed, and that audio-visual biofeedback is intuitive.
This study used volunteers, and thus the question of how audiovisual biofeedback using a guiding waveform applies to cancer patients remains to be answered, as cancer patients will have different physical and/or physiological capacity. The volunteers were a highly educated group, healthy, undoubtedly and with high cognizant abilities. No large respiratory irregularities were observed in the volunteers. The population of cancer patients that the volunteer group is most applicable to is perhaps breast cancer patients with generally good lung function. Pancreas, liver and esophagus cancer patients where the disease or co-morbidities are less likely to have impaired lung function may also have similar results to those observed here. This volunteer cohort is least applicable to lung cancer patients. It is notable that in a previous study audiovisual biofeedback without a guiding waveform demonstrated efficacy in lung cancer patients (George et al 2005 (George et al , 2006a (George et al , 2006b .
Half of the volunteers fell asleep for a short duration during the training session. No attempt was made to intervene, and the duration of the sleep period was up to 20 s. The sleeping periods occurred during both the free breathing and training sessions. Sleeping during the audiovisual sessions makes the training results appear more irregular. However, all data, including the sleeping periods, were included in the analysis. Future study designs could allow for intervention during audiovisual biofeedback if subjects are not attentive. Additionally, the interface itself could be developed to further engage the patient in the training and provide performance feedback, particularly for functional imaging or stereotactic treatments. In order to engage the patient visually, contemporary computer activity design theory could be used. In the design of interactive activities, the goal is to create an on screen persona, and to remove the abstraction of the display such that the patient is not fitting a ball to a curve (the abstraction) but assisting an onscreen character in their act, in this case respiration. The choice of the activity and persona empower the patient, and a connection is felt to the onscreen character which motivates compliance and desire for the onscreen character to perform well, thus the patient strives to perform. It is also important to create technology-level appropriate tools for the expected age range (e.g. range 22-83, median 72 for lung SBRT patients at Stanford (Le et al 2006) ) of patients who did not grow up in a digital environment and to differentiate from recreational computer-based activities. The goal is not to create a competitive or challenging feeling, which may result in unpredictable mood swings; the goal is to create a consistent and predictably-repetitive behavior. Examples of successful use of computer-based biofeedback video games have been used for anxiety 'Relax to Win' (http://tinyurl.com/2quqtp) and respiratory training for children with Duchenne muscular dystrophy (Vilozni et al 1994) .
The audiovisual biofeedback sessions in this study were of 5 min duration. This time interval is applicable to 4D CT acquisition and the delivery of a conventionally fractionated treatment. However, the role of audiovisual biofeedback to longer time intervals, for example, required for PET imaging or stereotactic body radiotherapy procedures, has yet to be explored due to the fact that fatigue could affect concentration for longer time periods. For planned future clinical studies, an integrated patient position and audiovisual biofeedback system is under development.
Conclusions
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